and microcavities. 9 Among them, hydrogel photonic crystal sensors are of particular interest because they can be tailored to respond to various stimuli and show substantial volume changes upon recognition of analytes by swelling that could enhance the optical readout. 3,4a-g,6c,d Asher's group developed hydrogel sensing materials by polymerizing 3D 3a-d and most recently 2D colloidal crystal arrays, 3e in which a volume change of the hydrogel upon recognition of the analyte led to modification of the optical thickness and therefore a shift in the position of the photonic stop band and, hence, a colour change. Based on a similar principle, 3D inverse opals of hydrogel have been shown to be applicable for the sensing of pH, 4a,e,g glucose, 4b temperature, 4c and humidity. 4d In terms of one dimensional PC architectures, Bragg stacks with hydrogel as a constituent layer have recently been demonstrated to be capable of humidity sensing.
6c,d However, the above sensing motifs all suffer from slow response times when it comes to the sensing of solutes, such as pH, or molecular analytes. It often takes more than tens of minutes or even hours to reach maximum response, which hampers applications in real-time sensing. The main reason for this is that the above sensing motifs are made from thick hydrogel structures (from several to tens of microns), which results in slow diffusion of solutes into the hydrogel and therefore slow response of the sensor. Although several measures have been taken to speed up the response, they lack feasibility and universality.
3e,4e
Herein, we report a versatile PC sensing motif, which is a stimuli-responsive 2D PC based on a monolayer inverse opal of polyelectrolyte gel (2DPC-PG). A remarkable feature of the 2DPC-PG is that it holds tunable photonic properties despite a sub-micron thickness. Therefore, the photonic sensing for solutes does not suffer from slow diffusion and the response can be greatly sped up.
To prepare 2DPC-PGs, a monolayer of a polystyrene (PS) colloidal array was first assembled on a glass or silicon substrate, onto which a solution of quaternized poly-(2-vinyl pyridine) (qP2VP) was spin-coated at the desired spin speed (ESIw). The PS monolayer was then selectively removed by dissolving it in toluene. Finally, a mechanically stable 2DPC-PG was obtained after thermal cross-linking at 120 1C. Fig. 1 shows the scanning electron microscopy (SEM) images of a 2DPC-PG prepared by using a monolayer opal assembled from 470 nm diameter PS spheres and a spin speed of 2000 rpm. From the SEM images, one can notice a thin layer covering the void arrays, which owing to its small thickness appears almost transparent to the electron beam in top view. It can further be seen in Fig. 1a that the P2VP gel replicates well the hexagonal order of the opal monolayer and the lattice parameter of the resulting 2DPC-PG corresponds to the diameter of the template PS spheres. The cross-section SEM image in Fig. 1b gives clear evidence of the top layer but at the same time shows that the height of the voids is decreased as compared to the original PS spheres, suggesting a deformation of the voids from spherical to oblate, which can be attributed to the low stiffness of the gel. As a result, the overall thickness of the 2DPC-PG is less than the diameter of the PS spheres, which is further confirmed quantitatively by thickness measurement. The small holes in the walls of the voids are formed due to the close packing of the original PS spheres, indicating that the voids are interconnected with each other.
The structural parameters of the 2DPC-PG, i.e. its overall thickness and the parameters of the optical lattice can be readily tuned with the presented method. The mean thickness of the 2DPC-PG, which was measured with a profilometer, decreases almost linearly from 447, 417, 393, 363 to 332 nm as the spincoating speed gradually increases from 1000, 1500, 2000, 2500 to 3000 rpm (Fig. S1, ESIw) . On the other hand, the lattice parameters of the 2DPC-PG can be conveniently varied by using a monolayer template with different sphere diameters. For example, 2DPC-PGs prepared with the same spin-coating speed of 2000 rpm but sphere diameters of 470 and 535 nm possess lattice parameters of about 450 and 500 nm respectively (Fig. S2, ESIw) . However, they still have a similar mean thickness of around 395 nm as measured by profilometry. These results suggest that the thickness and the lattice parameter can be tuned separately, which enables us to study experimentally the relationship between structural parameters and optical properties of the 2DPC-PG.
The 2DPC-PG demonstrates tunable optical properties associated with its structural parameters. As shown in Fig. 2 , while an unstructured/dense P2VP gel film prepared on a bare glass substrate is transparent (a), the 2DPC-PG samples (b-e) all show a major, well-defined dip in their transmission spectrum. Such a transmission dip corresponds to an attenuation of the transmitted intensity as the incoming waves couple to the photonic modes 10 provided by the periodic structure of the 2DPC-PG (Scheme S1, ESIw). The position of the transmission dip can be assigned to the lattice parameter of the periodic structure and described by l d ¼ ffiffi ffi 3 p dn eff 2, 10d,e where d is the lattice parameter and n eff is the effective refractive index (ESIw). The dip position of 2DPC-PG is experimentally shown to be both thickness-and lattice parameter-dependent. For samples b, c and d prepared with 470 nm spheres, the transmission dip red-shifts from 471, via 485 to 502 nm with a decrease in spin-coating speed from 2500, via 2000 to 1500 rpm (i.e. an increase in overall thickness) as a result of an increasing n eff . With a fixed spin-coating speed of 2000 rpm and hence a constant thickness, the transmission dip of the samples c and e red-shifts from 485 to 520 nm as the template sphere diameter increases from 470 to 535 nm. The pronounced dependence of the PC feature (i.e. transmission dip) of the 2DPC-PG on its structural parameters as shown above makes it promising for optically encoded sensing, as the swelling of the polyelectrolyte gel upon external stimuli will lead to changes in the structural parameters that can be read out directly from the shift of the transmission dip. As P2VP is well known as a weak cationic polyelectrolyte that exhibits fast and substantial swelling under acidic conditions due to protonation of the pyridine group, 11 a pH sensor based on 2DPC-PG is demonstrated in this report. Fig. 3a shows the transmission dip shift of a 2DPC-PG in response to pH 5, 4, 3 and 2, which is 6, 15, 29 and 26 nm as compared to its initial position, respectively. Therefore, the variation of pH conditions can be readily read out from the wavelength shift of the 2DPC-PG's transmission dip. Besides, the swollen 2DPC-PGs can be entirely recovered by a quick wash with a basic solution or pure water. Accordingly, the optically encoded response of the 2DPC-PG upon pH changes is totally reversible and can be cycled more than 10 times without degradation (Fig. S3, ESIw) .
To explain the optical response, i.e. the transmission dip shift of the 2DPC-PG as a function of pH, its related structural and morphological changes under different pH conditions was studied. Under acidic conditions the 2DPC-PG swells dramatically and its thickness increases by 5%, 21%, 37% and 34% after soaking in pH 5, pH 4, pH 3 and pH 2 solutions, respectively ( Fig. S4 and S5, ESIw) . Such a trend in thickness variation is in complete agreement with the transmission dip shifts as shown above and indicates once more that the PC properties of Fig. 2 Transmission spectra of an unstructured P2VP gel film and 2DPC-PGs prepared with varying sphere template diameters and spincoating speeds on glass substrates. the 2DPC-PG are a faithful replication of its structural parameters. Moreover, the top-view SEM images of the swollen 2DPC-PGs under different pH conditions (Fig. 3b) reveals that the lattice parameter of the 2DPC-PG stays almost the same, although the inner voids gradually diminish from pH 5 via pH 4 to pH 3. Notably, upon pH 2 the suspended part of the overlayer in the 2DPC-PG exhibits significant wrinkling. The observed blue-shift of the transmission dip from pH 3 to pH 2 clearly correlates with a buckling and, hence, a decrease in the optical thickness of the membrane. The 2DPC-PG is anchored to a stiff substrate and is thus subject to a graded constraint in its swelling, but unlike a dense P2VP gel film which folds upon pH 2 due to the constraint imposed by the substrate, 11b its smaller contact area to the substrate endows it with higher flexibility and buckling deformation is restricted to the suspended top layer, thus avoiding a large range folding of the film. The structural stability upon exposure to external stimuli enables the 2DPC-PG to perform as a durable, reversible and mechanically strong pH sensor.
Apart from the transmission dip arising from the in-plane waveguide-like mode and hence, the inherent PC properties of the membrane, the 2DPC-PG exhibits vivid colour when prepared on highly reflecting substrates as a result of optical interference, which can also be exploited as a visibly perceptible indicator for sensing events. Fig. 3c shows in a row the photographs of a 2DPC-PG that was prepared on a silicon substrate before and after soaking in solutions of pH 5, 4, 3 and 2 and subsequent drying. The varying hues from purple, blue, green to yellow upon different pH conditions are noticeable to the naked eye. The Fabry-Pe´rot interference fringes of the 2DPC-PGs within the visible region exhibit shifts in complete agreement with the observed optical and thickness changes (Fig. S6, ESIw) .
Remarkably, the 2DPC-PG pH sensor exhibits a prompt optical response. As shown in Fig. 4 , within 6 seconds soaking in a solution of pH 3 the transmission dip shift already reaches 96% of the full response after 1 minute, indicating that equilibrium can be well established within seconds. Recently, Asher's group reported a powerful 2D PC hydrogel pH sensor that however needs 30 minutes to reach its full response. Compared with the PC pH sensors designed so far, the 2DPC-PG presents the thinnest gel structure, resulting in the observed fastest response times.
In summary, we demonstrate the successful fabrication of 2D inverse opal monolayers out of a swellable P2VP polyelectrolyte gel by a facile spin-coating method. The stimuliresponsive membranes give rise to a versatile photonic crystal pH sensing motif based on their tunable optical properties and exhibit fast response times owing to their sub-micron thickness. Such a 2D inverse opal sensing motif can be easily extended for various sensing events when coupled with tailormade responsive materials.
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